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Abstract 
Medium frequency induction heating for large diameter pipe bending is an advanced technique that has been widely used. 
However, the thickness control of outer wall and inner wall of pipe is still difficult in the actual production: outer wall tends to 
be thinner and inner wall tends to be thicker. Therefore, it is necessary to optimize the process parameters of bending. 
Combined central composite experimental design and a proper selection of design parameters sample, an accurate response 
surface model was built in order to decrease ovality, thickness reduction ratio and forming load. The response value of objective 
function was analyzed; and important influence factors for system stability were found, i.e heating temperature, heating width 
and advance speed. The results indicate that the optimal value range were heating temperature of outer wall t=1030~1070 °C, 
while advance speed v=0.3~0.4 mm/sec. Practical results from multi-objective optimization could achieve qualified products. 
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1. Introduction 
With the enlargement of the unit capacity in thermal power plant, pipes which used in power unit are developing 
to large size and high strength, the demand of large diameter pipe bending also increases [1]. Pipe bending process 
by medium frequency induction local heating is an advanced process at present [2]. This technique offers several 
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advantages over conventional processes, such as low cost, and affords products with good mechanical properties, 
high quality, beautiful configuration. It has been commonly applied for varied pipe forms of power unit. 
Hyun Woo Lee et al. [3] used a combination of numerical simulation and experiments, using the reverse 
bending moment optimized high-frequency induction local heating pipe bending process. Chen Chun-ping et al. [4] 
detected the mechanical properties and microstructure of P92 steel after bending test. Zhang et al. [5] researched on 
textural performance of P92 steel pipe after heat treatment. However, the study about pipe bending process of large 
diameter thick wall pipe is limited. Particularly, they study that with single object optimization method while it 
relies on experience of workers in actual production so that big error happens. 
Based on this, this paper proposed the mode that combines numerical simulation with design of experiment, the 
response surface method as the optimization method, balances and optimizes three target values including ovality, 
wall-thickness reduction and the forming load. Then, the best process parameter combination is obtained to guide 
the actual production. 
 
Nomenclature 
ID inner diameter of pipe 
t pipe thickness 
R bending radius 
ș bending angle 
Dmax  maximal diameter in a cross-section after bending 
Dmin  minimal diameter in a cross-section after bending 
tmin minimal wall thickness after bending 
2. Modeling and design of experiment 
2.1. Establishment of the model 
The bending device of medium frequency induction heating can be divided into five parts: (1) pipe, (2) the 
device of feeding pipe (punch), (3) medium frequency local induction heating device, (4) clamp part, and (5) guide 
rollers. The model of the aforementioned pipe bending process is shown in Fig. 1.  
The whole course of pipe bending is shown as follows. The punch pushes the pipe from back while the guide 
rollers support and guide the pipe. After the pipe going through the heating coil, it is heated. Meanwhile, the front 
end of pipe is held by clamp then pushes the bending arm rotating, in this way, the pipe is bent. By the means, we 
can apply the special cooling way to control the thermal deformation zone according to the material type of pipe.  
 
 
Fig. 1. Model of the pipe bending based on medium frequency induction heating. 
 
Pipe bending process involves multiple nonlinear including material, contact and geometry [2]. It is very difficult 
that establish the finite element model because the pipe temperature rise is nonlinear through the way of induction 
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heating. According to this, it is necessary that simplify the process and establish appropriate model. The 
commercial code Deform-3D is used for the finite element analysis.  
The material of pipe is A335.To ensure the computational accuracy, setting the guide rollers as rigid body. 
Considering the contact friction between pipe and guide rollers is small and has no big influence on deformation, 
we increase the thickness of pipe head and beam with big rigidity instead of that. FEM model of pipe bending is 
shown in Fig. 2. In the model, ID=254 mm, t=53 mm, R=1200 mm, the relative thickness(R/D) is 3. 
During the process of pipe bending, deformed metal is generally subjected to tension stress and the wall of pipe 
thins on the bending outside, while it is subjected to compression stress and the wall of pipe thickens on the 
bending inside. Therefore, the cross-section geometry of the bent pipe tends to be oval. This is the main cause of 
the poor quality of bended pipe.  
Through the analysis of pipe bending process, tensile stress of bending outside is too much mainly caused by (1) 
the temperature of outer wall does not match the advance speed; (2) the difference in temperature of outer and 
inner wall after heating by medium frequency induction; (3) The width of the thermal deformation zone. 
Based on this, setting the temperature changes over time on the pipe model nodes as the FEM boundary 
conditions. In order to reflect both inner and outer wall temperature, the pipe model is divided into two part (inner 
and outer), set different bending angle (ș)to control the width of the thermal deformation zone, as shown in Fig. 3. 
 
               
Fig. 2. FEM model of pipe bending.                                                  Fig. 3. Temperature setting in FEM. 
2.2. Quality representation of pipe bending 
Ovality:  
max min
1
max
= 100%D Dy
D
 u ,          (1) 
 Thickness Reduction Ratio (TRR): 
 min2
t= 100%ty
t
 u .                                    (2) 
According to the Chinese standards DL/T 515-2004, ovality should less than or equal to 5% while TRR should 
less than or equal to 12.5%. 
2.3. Design of experiment 
It is necessary to determine reasonable factors and the corresponding levels [6]. This paper mainly study the 
influence of outer wall temperature (x1), advance speed(x2), the difference in temperature of outer wall and inner 
wall(x3)and the width of thermal deformation zone(x4) on the ovality(y1), TR(y2) and forming load(y3),as shown 
in Table 1. 
Using 4 factors, 5 levels conducted the central composite experiment design, the tests were repeated 30 times in 
total. Some testing programs and results are shown in table 2. 
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Table 1. Factor levels. 
Factor 
level 
Heating temperature 
1x (°C) 
Feeding velocity  
2x  (mm/sec) 
Temperature Gradient 
3x  (°C) 
Heating width  
4x /(°) 
1 900 0.1 100 15 
2 950 0.2 150 30 
3 1000 0.3 200 45 
4 1050 0.4 250 60 
5 1100 0.5 300 75 
 
Table 2. Part of test program and results. 
NO. 
1x /°C 2x /mm/sec 3x /°C 4x / ° 1y  2y  3y / N 
1 950 0.2 150 30 4.99 12.38 44700 
2 1050 0.2 150 30 5.11 13.26 34500 
3 950 0.2 250 30 4.45 11.89 45500 
4 1050 0.2 250 30 4.24 10.23 35300 
5 950 0.4 150 30 5.07 11.77 46100 
6 1050 0.4 150 30 4.6 11.65 34400 
7 950 0.4 250 30 4.77 11.83 45900 
3. Data processing and analysis 
3.1. Text result 
Second order model is adopted to establish the forecast model of three target response (y1, y2, y3) 
corresponding to design variables. Based on the test results, got response surface model via regression analysis:  
 
1 1 2 3 4 1 2 1 3 1 4
2 2 2 2
2 3 2 4 3 4 1 2 3 4
23.67917 0.0331 0.003966 19.4 0.21589 0.000027 0.0285 0.00014
0.02325 0.00025 0.00416667 0.00002 0.000027 7.02083 0.0003675
y x x x x x x x x x x
x x x x x x x x x x
       
         ,                       (1) 
2 1 2 3 4 1 2 1 3 1 4
2 2 2 2
2 3 2 4 3 4 1 2 3 4
207.35625 0.33058 0.066950 -82.55833 0.64528 +0.000001 +0.0325 0.00038
0.082 0.0007 0.205 0.00015 0.00003 46.04167 0.00086
y x x x x x x x x x x
x x x x x x x x x x
    
         ,                (2) 
3 1 2 3 4 1 2 1 3 1 4
2 2 2 2
2 3 2 4 3 4 1 2 3 4
-318.33+24.23333 +1.75 -9275 142.94444 0.01125 2.125 0.15917
2.875 0.029167 32.91667 -0.01795 0.02504 16260.41667 -0.43843
y x x x x x x x x x x
x x x x x x x x x x
    
      .                                  (3) 
 
The significance of response surface model is analysed by variance analysis, the results is shown in Table 3. 
 
Table 3. Significance analysis. 
Model (1) (2) (3) 
F 8.16 6.62 9.76 
P 0.0001 0.0004 <0.0001 
R2 0.8839 0.8607 0.9011 
R2adj 0.7756 0.7706 0.8088 
S 0.031 0.42 1.12 
 
From the Table 3, all of the value P are less than 0.05, in other words, these models are significant; R2 and R2adj 
show the fitting degree and forecast accuracy being satisfied. While all of value S indicate that these models have 
not missed significant influence factors. Above all, these forecast models can account the target value response to 
variable parameters well and they can be applied to optimize the following process parameters. 
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3.2. Results analysis 
Based on Eq. (1), the interaction between the temperature difference between inner and outer walls and the 
thermal deformation width can influence ovality and thickness reduction significantly while the interaction 
between the outer wall temperature and the thermal deformation width can effect forming load mostly. Fig.4 shows 
the contour map under different process parameters and corresponding target value. 
    
 
 
Fig. 4. Contour maps of ovality, thickness reduction and load (a. the temperature difference between inner and outer walls and the thermal 
deformation width influence on ovality; b. the temperature difference between inner and outer walls and the thermal deformation width 
influence on the TRR; c. the outside wall temperature and the thermal deformation width influence on the load ). 
From Fig. 4(a), the ovality decreases with the increasing of the temperature difference between inner and outer 
walls, increases with the increasing of the thermal deformation width under the condition that the temperature of 
outer wall is 1050°C, advance speed is 0.3mm/sec. From Fig. 4(b), TRR can reach minimum if the temperature 
difference between inner and outer walls is large and the thermal deformation width is short or the temperature 
difference between inner and outer walls is small and the thermal deformation width is long on the occasion that 
outer wall temperature is 1000 °C, advance speed is 0.25mm/sec. As shown in Fig. 4(c), load can be decreased 
with the increasing of the temperature of outer wall and the width of thermal deformation zone.  
The influence of advance speed on target values is not the most significant, however, as shown in Fig.5, with 
the increase of pushing speed, the ovality decreases while the thickness reduction decreases to a minimum value 
and then increases. 
 
3.3. Parameter optimization 
Target function can reach minimum by applying the aforementioned forecast models to optimize the process 
parameters. Constraint conditions of designed variables as follows: (1) the temperature of outer wall: 900-1100 °C; 
(2) temperature difference of outer and inner wall: 100-300 °C; (3) advance speed: 0.1-0.5 mm/sec; (4) the width 
of thermal deformation zone: 15-75°. 
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To verify the accuracy of optimized process parameters, using Deform-3D to model the process. The model 
prediction results and simulation results are listed in Table 4 while the pipe bending simulation is shown in Fig. 6. 
 
Table 4.  Model result and simulation result. 
 ovality Thickness 
reduction 
Load / kN 
Predicted value 4.286 11.1479 30.49 
Simulation value 4.4 11.5 32.22 
Error (%) 2.59 3.06 5.37 
 
   
Fig. 5. Influence of pushing speed on ovality and thickness reduction.                Fig. 6. Bended pipe under the simulation. 
4. Conclusion 
(1) Take the large diameter thick wall pipe bending as the research object, established the second order 
response surface models which intended to reduce ovality ,thinning rate and load. The models involve four 
variables including outer wall temperature, the temperature difference between inner and outer walls, the 
advance speed and the width of thermal deformation zone. 
(2) Determine the parameters of medium frequency induction local heating pipe bending process: outer wall 
temperature-1055 °C, the temperature difference between the inner and outer walls-200 °C, the pushing 
speed-0.34mm/sec, the width of thermal deformation zone-19.51°. 
(3) Error analysis indicates that can reach the goal of reducing ovality, thinning rate and load effectively by 
using new process parameters combination. It gives a way to guide actual production of similar large 
diameter thick wall pipe bending. 
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